The best estimate French thermal-hydraulic computer code CATHARE 2 Version 2.5_1 was used for post-test analysis of the experiment "11% upper plenum break", conducted at the large-scale test facility PSB-VVER in Russia. The PSB rig is 1:300 scaled model of VVER-1000 NPP. A computer model has been developed for CATHARE 2 V2.5_1, taking into account all important components of the PSB facility: reactor model (lower plenum, core, bypass, upper plenum, downcomer), 4 separated loops, pressurizer, horizontal multitube steam generators, break section. The secondary side is represented by recirculation model. A large number of sensitivity calculations has been performed regarding break modeling, reactor pressure vessel modeling, counter current flow modeling, hydraulic losses, heat losses. The comparison between calculated and experimental results shows good prediction of the basic thermal-hydraulic phenomena and parameters such as pressures, temperatures, void fractions, loop seal clearance, etc. The experimental and calculation results are very sensitive regarding the fuel cladding temperature, which show a periodical nature. With the applied CATHARE 1D modeling, the global thermal-hydraulic parameters and the core heat up have been reasonably predicted.
Introduction
The current analysis was carried out in the framework of the international PHARE project on code assessment and validation with participation of IRSN-France, GRS-Germany, NRI-Czech republic and EREC-Russia. Overall objectives of this project are utilization and transferring of methodologies for computer codes validation using available experimental data of VVER test facility. The experiment "11% upper plenum break" was performed by EREC at PSB-VVER test facility (1) (2)(3) and replicates an accident on VVER-1000 with a medium break size. This test provides the data required to perform an analysis with the thermal-hydraulic computer code CATHARE: initial and boundary conditions, transient scenario, experimental results.
The facility consists of a reactor model, four loops, four steam generators, a pressurizer (PRZ) and an emergency core cooling system (ECCS). The reactor model comprises five elements: lower plenum (LP), core simulator (CS), external core bypass (BP), upper plenum (UP) and external downcomer (DC). Each loop includes a circulation pump (MCP), a steam generator (SG), and hot and cold legs (HL and CL). A special branch pipe connects the UP outlet chamber to the primary circuit leakage simulation system. MCPs are installed on CLs. They can operate in two-phase flow and have a motor speed control system.
The PRZ is a vessel, connected to one of the loop HL through a surge line. It operates similarly to the reference NPP one, controlling primary pressure. It is equipped with a relief valve, a spray line for pressure decrease and an electrical heater -installed in the vessel lower part -for pressure increase. In this scenario PRZ is connected to loop #4.
ECCS of the facility includes three subsystems: a passive system, a high pressure active system (HPSI) and a low pressure active system (LPSI). The passive system consists of four hydroaccumulators (ACCUs) connected in pairs to the downcomer inlet chamber and to the upper plenum outlet chamber. Both active ECCS are simulated by a proper delivery of cold water into hot and cold legs of loops #1, #3 and #4, from a feed water system.
The core simulator is a bundle of 168 fuel rods (FRs) and one central non-heated tube, placed in a regular hexagonal channel. These FRs are electric resistance heating rods, with a uniform power profile along the height. FRs and central tube are grouped along a triangular lattice. Along bundle height, 17 spacer grids are welded to the central tube. The bypass connects the lower plenum with the upper plenum. Its walls are heated directly by electric power supplies.
Heat is removed from primary circuit using steam generators. Each SG consists of a vertical vessel with two vertical headers inside (hot and cold collectors), interconnected with 34 helical tubes. Thus, the heat-exchanging surface of SG model is a slightly inclined helical bundle of 34 tubes.
Secondary circuit of the facility is designed as an open loop. Feed water is supplied to steam generators through annular header. Flow rate of feed water is regulated with control valves. Steam from each SG flows through steam discharge lines to a common header and then to a special process condenser.
The test facility is equipped with advanced data acquisition and process control systems. The latter controls the experiment on PSB-VVER facility.
CATHARE computer code
CATHARE (Code for Analysis of Thermal-Hydraulics during an Accident of Reactor and safety Evaluation) is an advanced, two-fluid, thermal-hydraulic code. It is developed in France by the French Atomic Energy Commission (CEA), Electricité de France (EDF), Areva NP and IRSN.
CATHARE is designed to perform best-estimate calculations of accidents in pressurized water reactor (4) including VVER. Specific modules have also been implemented to allow modeling of other reactors like boiling water reactors or gas cooled reactors. CATHARE is limited to transients during which no severe damage occurs to fuel rods; more precisely, fuel ballooning and clad rupture are assumed not to have major effect on water flow in the reactor core. Its range of application covers all loss-of-coolant accident (LOCA), all degraded operating conditions in steam generators secondary systems, following ruptures or system malfunctions. CATHARE has a modular structure with five main modules: 1D axial module for pipes, tubes or channels where velocity has a preferential direction; 0D volume module for vessels or plenums where fluid is not channeled in a preferential direction of flow and where inertial forces are negligible compared with gravity; 3D module; boundary condition module; double-ended break module. Each 0D module is divided in two sub-volumes. Any kind of hydraulic circuit may be represented by a set of modules, which are connected by junctions. Hydraulic elements (axial, volume and 3D modules) can be connected to multi-layer walls. The heat exchange between one primary and several secondary circuits, via heat exchangers, can be calculated. Other gadget sub-modules are available to represent local changes to standard thermal hydraulic equations: hydroaccumulator; valve; 0D pump, using homologous curves of head and torque; break; heat and/or mass sources; heat and/or mass sinks; etc.
These modules allow to take into account any two-phase flow behavior. Thus, mechanical and thermal non-equilibrium, as well as all flow and heat transfer regimes, are described: stratified and co-or counter-current flow; critical flow and heat flux; reflooding; natural and forced convection; subcooled and saturated nucleate boiling; film boiling and condensation; etc. In particular, a flooding counter-current flow limitation (CCFL) is modeled.
Two-phase flows are described using a two-fluid six-equation model (5) . These equations represent conservation of mass, energy and momentum, for separate processing of liquid and steam. The presence of one to four non-condensable gases can be taken into account by one to four additional transport equations. This system of equation is closed by a complete set of momentum, mass and energy transfer laws for exchange at liquid/steam interfaces or at walls. Specific models are also available to represent fuel rods thermomechanics, core neutronics, reflooding, etc. The mass and energy balance equations are of primary form whereas the momentum equations are of secondary form. The six main variables are pressure, liquid enthalpy, gas enthalpy, void fraction, liquid velocity and gas velocity and, if it exists, up to four non-condensable mass fraction. In 0D modules, two energy and mass balance equations are written for each sub-volume (inertia is neglected). The main variables (except velocity) are then calculated for each sub-volume, as well as the separation level elevation between the two sub-volumes. In 3D modules, the momentum equation is written in all three directions.
The numerical choices are finite volume discretisation with structured mesh, first order discretisation in space and time, staggered spatial mesh and donor cell principle. Time discretisation is fully implicit (semi-implicit for 3D) and enables solution stability to be achieved over a broad range of time step values. The maximum time step is up to the user and depends on the problem being solved. A non-linear system is thus obtained, solved using the Newton-Raphton iterative method.
Test specification

Facility configuration
The pressurizer is connected to loop #4. One line of HPSI is connected to the hot leg of loop #4. The two other HPSI lines as all the LPSI lines are disconnected. All ACCUs are enabled: ACCUs #1 and #3 are connected to the UP outlet chamber while ACCUs #2 and #4 are connected to the DC inlet chamber. Level in SGs under steady-state conditions is maintained by means of pulsed supply of feed water with a temperature of about 200°C.
The leakage simulation system is connected to the UP of the reactor model. The connecting branch of the leakage channel is a cylinder of 45 mm inner diameter with a throttle in its middle. This throttle is 160 mm long by 16 mm inner diameter. The branch is directed horizontally and is connected 200 mm below hot legs nozzles.
Initial conditions
Initial conditions of the experiment (Exp.), with respective results of the steady-state calculation by CATHARE (Calc.), are presented in Table 1 . 
Boundary conditions and scenario
The experiment starts with the opening of an isolation valve in the break line. This valve is completely opened in 1.5 s.
PRZ heater power is regulated depending on the pressure in UP, according to a specified law. When pressure in UP reaches 13.73 MPa, or when collapsed level in PRZ reaches 1.60 m, PRZ heater power is switched off.
A scram signal is simulated at 5 s of the accident process, which leads to three actions. Firstly, core and bypass power start to reduce, according to a specified law. Secondly, a command to close the valves of the steam discharge lines -and then to isolate SGs -is given. Thirdly, a command to close feed water valves -and then to disconnect feed water system from secondary circuit -is also given.
A MCP seizure is simulated 10 s after the break opening. MCPs in all four loops are stopped in 4 s.
When the UP pressure drops below 10.5 MPa, cooling water from HPSI is supplied to the hot leg of loop #4 by opening a valve. HPSI flow rate follows a specified time-dependent law.
On decreasing the primary pressure below the set point of ACCUs actuation (6 MPa), they start to supply water to the primary circuit. When the level in ACCU falls down to 0.1 m, they are isolated from primary circuit by closing a valve.
When the maximal bypass wall temperature reaches 400°C, its electric power is switched off.
The experiment is terminated when the maximal FR cladding temperature reaches 800°C.
Transient calculation
Modeling of PSB facility by CATHARE
An input data deck (IDD) for LOCA calculations of PSB-VVER test facility has been developed for the last code version CATHARE 2 V2.5_1. It is based on IDD of PSB-VVER developed for the version CATARE 2 V1.3_1 for natural circulation calculation (6) . The geometrical information of the test facility is checked against the information provided by EREC in the framework of an OECD project. The basic IDD has been modified for the specific initial and boundary conditions of the 11% UP break experiment. The CATHARE model of PSB-VVER primary circuit is presented in Fig. 2 . Only loop #4 is shown. Nodalization scheme of the primary circuit includes four loops. The core vessel is modeled by a lower plenum, an average core channel, with 21 axial segments (168 fuel rods), a core bypass, an upper plenum and an external downcomer. The models of the LP, UP and DC consist of volume and axial elements connected by junctions.
The pressurizer consists of a volume with internal wall, modeling the heaters. It is connected to loop #4.
For the SGs modeling, a multitube approach is applied. The 34 heat exchange tubes of each SG are presented as 3 axial elements, located at different horizontal elevations (high, middle and low tube bundles). Each axial element is divided into 26 segments.
The SG secondary side is presented by a recircu-lation model. It consists of one axial and one volume element, connected to the steam discharge lines. The latter also consist of volume and axial elements, with a unique pressure boundary condition at the outlet. Each SG feed water is modeled by a source.
HPSI is modeled by a source, connected to the hot leg of loop #4. Each ACCU is modeled by an accu gadget: ACCUs #1 and #3 are connected to UP, while ACCUs #2 and #4 are connected to DC.
The break line is represented by an axial element with 34 meshes and pressure boundary condition with sonic blocking at the outlet. It is connected to the volume element modeling the upper plenum.
The primary circuit nodalization consists of 55 hydraulic modules (29 axial, 24 volume and 2 boundary condition elements) for a total scalar meshes number of 1310. The secondary circuit nodalization consists of 30 hydraulic modules (16 axial, 13 volume and 1 boundary condition elements) for a total scalar meshes number of 488.
Steady state calculation
In order to achieve nominal conditions the following regulators are used in the IDD: regulation of primary flow rates in the 4 loops by MCPs speed variation; regulation of the SGs level by source of water; regulation of the equilibrium between steam and feed water flow rates; regulation of the nominal PRZ level by source of water; regulation of primary side pressure by the PRZ heaters.
The steady state has been calculated for 3000 s. The last 500 s, the regulators were switched off in order to check that the parameters remain constant. Values of main parameters, obtained at the end of the steady state, are presented in Table 1 (Calc.), where they are compared with experimental initial parameters (Exp.).
Transient calculation results
The calculations were carried out on PC bi-processor Intel with 3.6 GHz under Windows XP operating systems. A cluster with 72 processors under LINUX was also used for portability studies. A calculation of 1100 s of physical time takes from 4 up to 7 hours, depending on choices for modeling and CATHARE options (see below).
A large number of sensitivity calculations have been performed, regarding different modeling and CATHARE options: -a piqbrek gadget (using Gros d'Aillon correlation for critical flow rate) was used for modeling the break line, instead of the axial model with pressure boundary condition;
-influence of a CCFL model between core and UP with sensitivity study on the CCFL parameters;
-influence of contraction coefficient and head loss coefficient at the break line throttle;
-sensitivity study of the gas expansion, from an isothermal (γ = 1) to an isentropic one (γ = 1.4);
-influence of the head loss coefficient in the discharge line of the hydroaccumulators.
The reference calculation, presented in this paper, was performed with an axial modeling of the break line and a Kutateladze CCFL model at the upper tie plate between core and UP.
The CATHARE CCFL operator allows the user to specify the parameters M, C, E and X in the flooding equation:
where Bo is the Bound number and J G * and J L * are the dimensionless superficial velocity of gas and liquid respectively.
In the Kutateladze form of the flooding equation, we have E = 1 and X = 0.5. The parameter M = 1.16 was deduced according to a previous work for VVER-1000 fuel assembly (7) . The parameter C = 2.2 was selected based on the sensitivity study in order to optimize the water penetration into the core and then the fuel cladding temperature (Fig. 9) . To model ACCUs, the accu gadget of CATHARE was used with an isothermal gas expansion (γ = 1) deduced from the experiment analysis. Head loss coefficient of discharge lines were provided by EREC.
The steady state provides the initial conditions of the transient. A comparison of calculated (Calc.) and experimental (Exp.) times of occurrence of main events is presented in Table 2 . Table 2 The calculated leak flow reaches the maximal value of 14.3 kg/s at 2.2 s, which is higher than the experimental value of 10.5 kg/s. According to EREC specialists, one shall consider that the two-phase flow rate measurements must be used with care, comparing them with the calculated mass ejected through the break (Fig. 3) .
It should be noted that according to the experimental estimations for PRZ level variation, at the 1st second of the process, the break flow rate was equal to 16 kg/s, and only reduced to 12 kg/s at the 2nd second. The experimental mass flow rate does not show such values, obviously due to modest dynamic features of the two-phase measurements.
The integral of the measured break flow rate is higher compared with the measured mass ejected through the break (Fig. 3) . That is why the interpretation of the experimental curve of the break flow should be careful. More reliable is the comparison of the rejected masses. After 360 s, CATHARE slightly under predicts the leak mass (Fig. 4) .
After break opening, the pressure in primary circuit decreases rapidly (Fig. 5) .
There is a good agreement between calculated and measured pressures. The PRZ heaters are switched off at 6 s in the calculation as well as in the experiment, when primary pressure reaches 13.73 MPa. HPSI starts to inject at 18 s (21 s in the experiment) when primary pressure decreases to 10.50 MPa.
ACCUs start their injection into UP and DC between 180 and 194 s (164 and 193 s in the experiment) when primary pressure decreases below their set points. A step-wise discharge of ACCUs can be observed in the experiment, which is reproduced by the calculation (Fig. 6) . ACCU pressures and levels are in good agreement with the test, although some faster discharge at the beginning can be observed. This causes slight primary pressure underprediction between 200 and 300 s (Fig. 5) . Steam generation at the injection points increases the pressure and creates periodical discharge of ACCUs. A first loop seals clearing occurs in each cold leg at 100 s, and finishes when ACCUs start their injection. A second loop seal clearing occurs at 305 s (Fig. 7) .
The reactor core is voided. Periodical heat up of the fuel simulators occurs. The measured fuel cladding temperatures over the whole core are grouped in several families (Fig. 8) . Figure 9 shows the bounding fuel cladding temperature in the core: i.e. at each time step, the maximum fuel cladding temperature in the whole core is considered. The influence of the CCFL parameters can be observed. Water penetration from the top and the bottom of the core rewets the fuel. The core heat-up is strongly correlated with the ACCUs injection.
It should be pointed out that, in the experiment, at a given axial position, the fuel cladding temperature depends on the radial location of the measurement (high temperature peaks or no peaks at all). This phenomenon can be explained with the penetration of different amount of water in different radial core regions. So the process has a periodical and 3D nature. For this reason, a 1D code could have difficulties to predict quantitatively the location and the values of temperature peaks in the core. Nevertheless, in our case, the phenomenon is reproduced by the calculation. Figure 10 illustrates the calculated fuel cladding temperature in the core as function of time and axial position. With appropriate methodology, supplemented by uncertainty methods, it is possible to define the margins of the temperature rise for safety studies. 
Conclusion
Comparison between calculated and experimental results shows good prediction of the basic physical phenomena and parameters such as primary and secondary pressures, temperatures, void fractions, levels, flow rates, loop seal clearance, etc. It should be noted that the test "11% upper plenum break" is difficult for code predictions: simultaneous leak from upper plenum and injection of cold water from the hydroaccumulators and HPSI into the UP with sophisticated physical phenomena of flashing, condensation, counter-current flows, core rewetting, etc. The experimental and calculation results are very sensitive regarding fuel cladding temperatures, which show a periodical nature. The measured temperature distribution in the core simulator have three dimensional characteristics. With the CATHARE 1D modeling, applied for the current calculation, the global thermal-hydraulic parameters and the core heat up have been reasonably predicted. With appropriate methodology, supplemented by uncertainty methods, it is possible to define the margins of the temperature rise for safety studies.
